Spectroscopic Studies of the Super-Relaxed State of Skeletal Muscle  by Nogara, Leonardo et al.
Wednesday, February 11, 2015 589aSkeletal Muscle Mechanics, Structure,
and Regulation
2971-Pos Board B401
Direct Assessment of Skeletal Muscle Contractile Strength in Live
Wildtype and Rbfox Morphant Zebrafish Larvae
Brit L. Martin1, Tom L. Gallagher2, Neha Rastogi1, Christine E. Beattie3,
Sharon L. Amacher2, Paul M.L. Janssen1.
1Department of Physiology and Cell Biology, The Ohio State University,
Columbus, OH, USA, 2Department of Molecular Genetics, The Ohio State
University, Columbus, OH, USA, 3Department of Neuroscience, The Ohio
State University, Columbus, OH, USA.
The accessible genetics and abundant skeletal musculature of the zebrafish
make it an ideal model for studies of muscle contraction. Current functional
assays for quantifying the effect of experimental modification of zebrafish
muscle are indirect and observational, or they underestimate contractile
force. Therefore, we developed an in vivo assay for measuring muscle con-
tractile force. As proof of concept, we have measured contractile strength of
skeletal muscle in wildtype larvae and in a morphant model from 2-5 days
post fertilization (dpf). Mean maximum tetanic whole-body forces produced
by wildtype 2, 3, 4, and 5 dpf larvae amounted to 3.03 mN, 7.31 mN,
8.67 mN, and 10.94 mN, respectively. Mean twitch forces produced by
larvae were 0.90 mN, 5.58 mN, 7.08 mN, and 9.08 mN for 2, 3, 4, and
5 dpf respectively. The morphants we have analyzed are knockdowns of
two zebrafish paralogs of rbfox, rbfox1l and rbfox2, which regulate
muscle-specific splicing programs. We assessed the contractile force devel-
oped during contraction and found that our assay is clearly able to differen-
tiate between morphant phenotypes. rbfox2 morphants appear to produce
maximal tetanic forces similar to wildtype larvae, while rbfox1l morphants
demonstrate significantly impaired function by producing decreased forces
at the same developmental time points. This supports the conclusion that
rbfox1l regulates the majority of splicing events in larval skeletal muscle.
rbfox1l/rbfox2 morphants are paralyzed and their lack of significant con-
tractile force production in our assay indicated a muscle-specific defect,
not just a motoneural defect, causing the characteristic paralysis. We have
also developed an immunohistological assay for empirically determining
the cross-sectional area of larval trunk skeletal muscle in order quantify
muscle-specific force per cross-sectional area. These functional results quan-
tify muscle-specific phenotypes sans neural input.
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Zebrafish have become a prominent animal model of human disease because of
their genetic tractability and rapid development (Lieschke & Currie, 2007).
Several muscle diseases have been studied using zebrafish, including
muscular dystrophy (Johnson et al., 2013), hypertrophic and dilated cardio-
myopathy, nemaline myopathy (Sehnert et al., 2002; Asnani & Peterson,
2014; Telfer et al., 2012) and distal arthrogryposis (Ha et al., 2013). Here
we show that zebrafish myofilaments and their assemblies have molecular
structures similar to those of higher vertebrates, demonstrating their useful-
ness in elucidating structural changes due to disease mutations. EM and
3D reconstruction have shown that striated muscle contraction is regulated
by Ca2þ-induced movement of tropomyosin on thin filaments, which un-
covers myosin-binding sites on actin. Using negative staining EM and single
particle reconstruction we find that tropomyosin is well resolved in zebrafish
native thin filaments and undergoes the same Ca2þ-induced movement as
seen in other species. Zebrafish thin filaments are therefore good models
for studying the impact of thin filament mutations (actin, troponin, tropomy-
osin, nebulin) on thin filament structure and regulation. Thick filaments are
also readily isolated from zebrafish muscle and their 3D reconstruction is
similar to that of mammalian filaments (Gonza´lez-Sola´ et al., 2014). We
have isolated intact filament assemblies (myofibrils and A-segments) from
zebrafish and find that these also closely resemble those of other vertebrates,
including mammals, clearly revealing MyBP-C and M-line periodic organi-
zation. These are therefore good models for elucidating the structural impact
of mutations in myosin, MyBP-C and M-line proteins. We conclude that the
structures of zebrafish skeletal muscle thick and thin filaments and their
native assemblies closely resemble those of higher vertebrates, making
them excellent models for studying the molecular impact of disease-
causing mutations on filament structure.2973-Pos Board B403
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Tarantula muscle is an outstanding model system for elucidating thick
filament molecular structure. In past studies we showed by cryo-EM, single
particle reconstruction, and atomic fitting with a hybrid myosin head struc-
ture, that relaxed tarantula filaments are characterized by intramolecular
interaction between heads (J-motif) that is thought to inhibit myosin activity
by blocking actin binding in one head and ATPase activity in the other
(Woodhead et al., 2005). We have been pursuing improvements in technique
to obtain a higher resolution reconstruction. A key problem in reconstructing
myosin filaments is intrinsic flexibility of the heads, which reduces the res-
olution we can achieve. We have used staurosporine to minimize RLC phos-
phorylation and thus head disordering, and blebbistatin to stabilize the heads.
Automated data collection has been used to obtain images on a field emission
cryo-electron microscope (Titan Krios). Preprocessing of images has enabled
the selection of a data set as homogeneous as possible. Both SPIDER and
RELION were used for 3D reconstruction, and yielded a similar resolution
of ~13 A˚, 2-fold better than our original reconstruction, but presumably still
limited by some head flexibility. The J-motif is consistent with the original
findings, but the structure of the S2 segment of the myosin tail is much
more robust and some details of the paramyosin core are now visible. We
have built an homology model of the interacting-heads motif (using the
tarantula sequence for both heavy and light chains), that includes all surface
loops, and we are using this for molecular dynamics flexible fitting (MDFF).
Preliminary results suggest the need for repositioning of several loops from
their positions in the crystal structure, with possible implications for filament
assembly and stability.
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The super-relaxed state of myosin (SRX) in which the myosin ATPase activity
is strongly inhibited has been observed in a variety of muscle types. It has been
proposed that myosin heads in this state are inhibited by binding to the core of
the thick filament in a structure known as the ‘‘interacting heads motif’’ (IHM).
This contrasts with the disordered relaxed state (DRX), in which heads are not
organized around the core of the thick filament and have an ATPase rate that is
an order of magnitude greater. In the IHM the N-terminal lobes of the two
RLCs bind to each other. We have made a series of five single cysteine mutants
of the RLC, placed both paramagnetic and fluorescent probes on them, and
exchanged them into rabbit fast skeletal muscle fibers. Probes that were located
within the putative RLC-RLC interface tended to disrupt the stability of the
SRX. Probes far from this interface had no effect on the SRX. Most of the
spin-labels bound to the RLC were disordered in all states, however one label
(C31) showed good orientation in the SRX. Some fluorescent probes adjacent
to the putative interface showed an increased intensity during the transition
from the disordered relaxed state to the SRX. Together the results provide
further evidence identifying the location of the RLC-RLC interface, and
provide a proof of concept that pharmaceuticals that bind to this interface
will disorder the SRX leading to a potentially effective treatment for type II
diabetes and obesity.
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By recording fast X-ray diffraction movies from live bumblebee, we have
shown that specific X-ray signals (the reciprocal intensity changes of the 111
and 201 reflections) arise in the stretch phase of the flight muscle (IFM), and
from this observation and model calculations we have suggested that the
stretch-induced distortion of actin-bound low-force myosin head is the trigger
for stretch activation (SA). However, there are still some unsolved questions:
(1) does IFMmyosin have special sensitivity to stretch? (2) Is it the very regular
spatial arrangement of proteins in IFM sarcomere that causes SA regardless of
